All-ref lective Michelson, Sagnac, and Fabry -Perot interferometers based on grating beam splitters are experimentally demonstrated at a wavelength of 1064 nm. A 1200-groove͞mm grating diffracting 0 and 21 orders with an efficiency of 48.2% for each order was used as a near-50͞50 beam splitter. The all-ref lective Sagnac and Michelson interferometers were formed by reintroducing both of the diffracted beams back to the grating. The Fabry -Perot interferometer was formed in a Littrow configuration by using a 1700-groove͞mm grating with a blazing efficiency of 91% as a cavity coupler. These interferometers encompass all the fundamental configurations of all-ref lective laser interferometric gravitational-wave detectors, promising improved wavefront quality by avoiding volume thermal effects in transmissive optics under high-power laser illumination. © 1998 Optical Society of America OCIS codes: 050.1950, 120.3180, 230.1360. The foundation for Michelson, Sagnac, and FabryPerot interferometry is the coherent addition of correlated optical waves, traditionally achieved by splitting and recombining a single optical beam with a transmissive beam splitter.
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However, high optical power or extreme wavelengths pose problems to transmissive optics. In the proposed advanced Laser Interferometric Gravitational-wave Observatory interferometer 3 (LIGO) the central beam splitter is to be illuminated with more than 10 kW of laser power at 1064 nm. 3 Such high power may lead to thermal lensing and birefringence in the beam splitter and arm optics, resulting in a lowered contrast ratio of the interference fringe. 4, 5 The Sagnac interferometer could alleviate these problems by counterpropagating two laser beams through a common optical path. 2 Eliminating transmissive optics altogether through use of ref lective beam splitters can substantially reduce the magnitude of volume thermal distortions. Use of diffractive optics for this purpose has been discussed by Byer 6 and Drever. 7 In addition, the all-ref lective interferometer topology permits the use of opaque or less transmissive substrates such as silicon and sapphire, which have better thermal properties and lower thermal noise 8 than fused silica. We report the experimental demonstration of all-ref lective, grating-beam-splitterbased interferometers, particularly those of interest to gravitational-wave detection: Michelson, Sagnac, and Fabry -Perot interferometers.
A ref lective grating is a wave-front segmenting and diffracting device. For a laser beam of wavelength l incident onto the grating, the output angle u m of the mth diffraction order is given by the grating equation 
which in turn requires that 1 , l͞d # p 2, simultaneously eliminating the other diffraction orders. The energy distribution among diffraction orders depends on the polarization, incident angle, and wavelength of the incident beam and on the grating parameters, such as shape and density of the grooves and material properties of the grating surface. 9 The relative phase of each diffraction order can either be determined from a scattering matrix formalism 10 or directly calculated from the boundary conditions.
In proof-of-principle experiments for Michelson and Sagnac interferometers we used a 1200-groove͞mm holographic metal grating as the beam splitter and a 26-mW, 1064-nm diode-pumped Nd:YAG laser. The polarization plane of the incident laser beam was parallel to the grating grooves and perpendicular to the plane of incidence. At u inc ഠ 32.5 ± , 48.2% of the input power was measured in both the 0 and the 21 orders. The scattering, ghost, and absorption losses accounted for the 3.6% loss in total diffracted power. The angle between the original 0 and 21 diffraction orders was 80.1 In fact, the output from the transmitting port of the Sagnac interferometer is approximately proportional to P n J n 2 ͑m d ͒sin 2 ͑npf ͞2f max ͒, where J n is the nth-order Bessel function, m d is the phase modulation index that is due to the mirror displacement, f is the frequency of the mirror movement, and f max is the frequency for maximum response of the first sideband. 2 Because of the short arm length (108 mm for OM 1 ), f max 2.78 GHz, and hence the near-dc mirror movement at f 110 Hz did not affect the dark fringe at the transmitting port and the bright fringe at the ref lecting port appreciably. The larger beam spot size ͑ϳ3.5 mm͒ in the Sagnac interferometer compared with that ͑ϳ2.8 mm͒ in the Michelson interferometer led to a lowered contrast ratio (0.93) owing to grating nonuniformity. The broadening of the resonance at the higher voltage of the PZT scan was due to PZT tilting and caused mix-in of higher-order transverse modes. A higher-power laser was used to raise the intracavity power density to 1.57 W͞mm 2 at the resonance peak, and no appreciable change in the interference fringe was observed at such a power density level approaching that of the initial Laser Interferometric Gravitationalwave Observatory.
Several practical issues that may occur when one is using grating beam splitters in large-scale interferometers can be solved with existing technology. First, because of its dispersion, the grating beam splitter requires that laser center frequency drift Df be smaller than that restricted by maximum allowable angular deviation Du m from the designated direction, Df # ͑c͞l 2 ͒ jd cos͑u m ͒͞mjDu m . For an angular pointing accuracy of Du 21 10 27 rad, as needed in a kilometerscale interferometer, Df # 21 MHz for u 21 230
Frequency stability of this order has been demonstrated for an I 2 -stabilized Nd : YAG laser, where longterm stability of 1:10 13 or ϳ30 Hz is possible. 11 Second, metal gratings cannot handle a laser beam of an average power of kilowatts. However, gratings that are etched on the top of multilayer dielectric coatings 12 have lower loss, higher damage threshold, and more precisely controllable diffraction characteristics than traditional metal gratings and are expected to fulfill the requirements of interferometers in gravitational-wave detection. The absorption loss in dielectric coatings is currently achievable down to 10 26 10 25 , significantly lower than volume absorption of ϳ10 24 in transmissive optics. The effect of grating shape change on the interferometer contrast ratio is estimated to be minimal compared with that of volume transmissive optics under same high-power laser illumination.
In 
